Surgical robotic devices are rapidly achieving widespread use and acceptance. Despite the many benefits of robotic-assisted surgery, it is typical for robot-assisted procedures to take longer. This study investigates the effect of control:response ratio on simple movement time in surgical telerobotic tasks. Robot control interfaces offer "motion scaling" settings but, in practice, this feature is often not used effectively, and is confounded by factors such as the fulcrum point of the laparoscopic instrument. Results using a simple aimed movement task indicate that control:response ratio indeed has a large effect on movement time, and further that it interacts with task difficulty. These results can guide medical device designers and the developers of surgical training protocols.
INTRODUCTION
The benefits of surgical robotics such as motion scaling, tremor filtration and ambidexterity have been heralded by others in numerous surgical fields. Through its minimally invasive nature, patients experience less pain and discomfort, reduced trauma, shorter hospital stays, faster recovery and less scarring. However, it is also well documented that robotic surgery has a major drawback. That is, robotic surgery takes longer than traditional manual techniques.
In order to better understand the humanrobot interface, and ultimately to make suggestions for minimizing movement time in robotic tasks, researchers have begun to investigate parameters such as control:response ratio (C:R), also known as control gain (CG) . Cassily (2004) examined motion scaling and magnification in robotic surgery. Their task involved piercing archery targets with a needle. Their range of scaling and magnification consisted of 1:1, 5:1, 10:1 and 3.5X, 6.5X, 9.5X respectively. It was not clear, though, whether the scaling referred to the computerized settings on the robot or the actual control:response ratio as no reference was made to either. Their results show the 5:1, 10:1 settings had higher accuracy with the 5:1 scaling having a shorter task completion time than the 10:1 scaling. The 9.5X magnification had the fewest errors.
Prasad (2004) also used a simple aimed movement task piercing an archery target to examine how motion scaling and tremor filtration benefits robotic surgery as compared to traditional laparoscopy. Their range of motion scaling consisted of 1:1, 2.5, 7:1 (hand:robot). Their results showed that a motion scaling of 2.5:1 and 7:1 had a higher rate of accuracy than a scaling of 1:1 or manual laparoscopy. Ellis, et al. (2004) used a simple aimed movement task at multiple settings of C:R ratio and optical zoom. They found that across several zoom settings (25X, 16X, 10X, 6.4X) there was a significant effect of C:R on response time, and further, that the optimal control gain setting appeared to vary according to zoom level. For example, the best gain for 16X zoom was 5.2:1, while the best gain for 6.4X was 2.8:1. The current study replicates and extends these results. Our intent was to map out the effect of control gain on movement time across the entire range of possible control gains encountered in using the device.
For the present study, we were interested in the effect of the natural range of C:R, but also in the extreme values that could be encountered as a confound between C:R setting and laparoscopic instrument fulcrum point. Further, we were interested in potential interactions between C:R setting and task difficulty. To control for as many extraneous factors as possible, we chose a simple aimed movement task, and operationalized task difficulty in terms of Fitt's Index of Difficulty (ID).
METHODS

Participants
This study was approved by the Human Investigation Committee at Wayne State University. Informed consent was obtained for each participant. A study with four adult male participants (nonsurgeons) was conducted to examine controlresponse ratio effects on movement time using the Zeus surgical robotic system. All four participants had previous experience with the robotic system.
Apparatus
The Zeus surgical robot was enhanced with a binocular surgical microscope (See Figure 1 for a depiction of our experimental apparatus). The robot has computerized settings which allow control over the relative CG. However, the effective amount of motion scaling is not solely dependent on the computerized setting but is also based on the placement of the fulcrum point on the instrument. In a clinical setting for minimally invasive surgery, the fulcrum point for the instrument is the patient's skin. Since that is not possible in a laboratory setting, an alpha port was used instead. An alpha port is a metal ring with 2 degrees-of-freedom (pitch and yaw) which the instruments can slide through and pivot about. The alpha port was fixed to the operating table with a universal clamp.
A broad range of motion scaling ratios was achieved by varying the location of the fulcrum on the instrument. A fulcrum point close to the wrist of the instrument dampens motion at the tip (low control gain) while a fulcrum point located near the end of the instrument amplifies the motion (high control gain). A PDA program (written in Embedded Visual C++ 4.0) was used as our testing platform to conduct the study (see Figure 2) . The robotic instrument gripped a stylus that was used to conduct the task on the PDA. The fulcrum distances were determined with the stylus touching the center of the PDA screen. Fulcrum distances of 5.08cm, 15.24cm and 24.13cm (2", 6" and 9.5"), as measured from the wrist of the instrument to the alpha port, were used to achieve our range of CG.
The Zeus computerized settings were measured for each fulcrum distance before the start of the study. This was determined by measuring the hand controller movement using a Microscribe® digitizer and measuring the corresponding movement on the PDA. After several such measurements, the average CG was calculated by taking the ratio of hand controller movement to digitizer (i.e., end-effector) movement. The location of the PDA, microscope and the alpha port were all standardized according to a set of markers to ensure consistency among participants.
Procedure
Participants were asked to perform a simple aimed movement task using their dominant hand across various indices of difficulty. Movement time was recorded from first contact of the start box to the end box. To aid the participant with feedback, the boxes turned blue when touched. In addition, an audio cue would sound to alert the participant whenever the stylus touched the PDA screen and a different audio cue would sound for a missed trial. Participants were allowed to practice the task until they were ready to begin. Each trial was randomized in terms of index of difficulty, box location and orientation (0° or 180°). The microscope magnification was set at the lowest level of 6.4X for the study.
Experimental Design and Data Treatment
Extra trials were conducted in the case of protocol error or apparatus malfunction. The experiment collected 4147 valid data points, or an average of 21.6 trials per subject per experimental block. Of these, the 580 errors were discarded, leaving 3567 correct responses. In terms of experimental design, there were three levels of index of difficulty (ID) (2.6, 3.0, and 3.3) and 16 levels of control gain (CG) (0.9, 2.1, 2.6, 2.8, 3.0, 3.2, 3.5, 3.9, 4.5, 5.2, 6.3, 7.6, 9.2, 10.8, 13.4, and 19.0), where the value indicates the units of hand controller movement for a unit of end-effector movement). ID and CG were both treated as fixed. There were four participants in this experiment. Subject was treated as a random factor. The data were subjected to analysis using the General Linear Model for unbalanced data with Type III adjusted sum squares.
RESULTS
Descriptive Statistics. The overall mean for all trials was 1083 ms. Times increased monotonically across levels of ID, ranging from 1004 ms at ID=2.6 up to 1190 ms at ID=3.3 (see Figure 3 ). CD displayed a "U-shaped" curvature, with 1128 ms average times (across all IDs) at the lowest level of CG, reducing to a minimum of 833 ms at CG=3.5 and increasing steadily to a maximum of 1760 ms at CG=19 (see Figure 4) . GLM-ANOVA. Overall, our linear statistical model accounted for 69% of the variance in movement time. In terms of main effects, Index of Difficulty (ID) was highly significant (F 2,6 = 29.23, M SE = 324560, p < 0.001). As shown in Figure 3 , higher levels of ID resulted in increased movement times. Control gain (CG) was also highly significant (F 15, 45 = 36.31 , M SE = 572299, p < 0.000) as shown in Figure 4 . The interaction of ID and CG, shown in Figure 5 , was also significant (F 30,91 = 3.30, M SE = 79824, p < 0.000).
DISCUSSION
This research began with the goal to replicate and extend the findings of Ellis, et al. (2004) . The statistical results and inspection of our descriptive data, as represented in Figures 3-5 bear out the notion that surgical tele-robotic manipulation task time is indeed sensitive to variation in control gain. The entire range of CG's examined in this study would not be often encountered in a normal surgical setting, but the effect is still striking: For this task, the maximum average time was 2.11 times as long as the minimum time. We interpret the significant interaction of ID and CG, by inspection of Figure 5 , to mean that when tasks are more difficult (e.g. higher ID), that having the correct control gain setting for your task is even more critical.
Our results replicate and extend our previous work (Ellis, et al., 2004 ) with a larger range of control:response ratios. Comparing the present results to the Ellis et al., (2004) results at the comparable zoom level (i.e., 6.4X) we see a great deal of concordance (see Figure 4) . This smallscale replication gives some support to the notion that we have developed a reliable task that is useful and suitable for evaluating surgical robotic interface parameters.
In a surgical setting, the fulcrum point is not an alpha port mechanical device (Figure 2 ) but rather the patient's skin, where the instrument enters the body. The surgeon will more likely encounter a case where the operative space is small (as in pediatrics) such that the instrument will only protrude a little bit into the body. Less likely is the case of a large operative space where the surgeon is forced to reach across with the instrument to reach their target. In such cases, the surgeon would likely place the port closer to the target of interest thus shortening the fulcrum distance. Thus, the low control gain extreme scenario is more likely than the high control gain extreme scenario.
Future work in this area will determine the potential benefit and barriers to implementation of adaptive control gain algorithms that would be able to automatically sense the surgeon's personal control profile and optimize the control gain for him/her. This work will also focus on the potential to accurately model individual differences in ability and preferences in order to customize the surgical robot interface in a more intelligent and efficient manner.
